better background suppression, reduced excitation volume, and minimized photobleaching by increasing fluorophore radiative decay rate. These advantages allow higher sensitivity fluorescence correlation spectroscopy measurements [6] . SPCE microscopy has also been developed and applied to image and study muscle fibers due to the enhanced detection of fluorescent signal [7, 8] . However, it has been shown that the plasmon-assisted fluorescence emission results in a point-spread function (PSF) that has an undesirable donut shape and an FHWM two times worse than the diffraction limit [9] . While numerical deconvolution can be used to mitigate the distortions in the PSF [10] , it can suffer from several limitations such as the inadvertent enhancement of noise artifacts. Furthermore, it requires prior measurement of the system PSF, leading to practical difficulties especially in biological experiments. In this Letter, we propose a method to optically correct the distorted PSF of a surface plasmoncoupled emission microscope (SPCEM) by conversion to a single-lobe Airy disklike PSF, which is more desirable for imaging. An analysis of the optical transfer function (OTF) is also presented.
The schematic in Fig. 1 shows the proposed modification to the SPCEM. For simplicity, an inverted total internal reflection fluorescence (TIRF) microscope with a high-NA objective is normally used. In the setup, fluorescent probes on the metal-coated cover slip are excited by surface plasmons, which are excited by the p-polarized plane wave incident at the surface plasmon resonance angle. Fluorescence emission is then collected by the same objective. Along the infinity corrected detection path at a point conjugate to the back focal plane (BFP), we place a single-order spiral phase plate (SPP) to superpose a spiral phase to the emission light prior to CCD imaging. The SPP is an optical element that has a thickness that increases linearly with the azimuthal angle. For an SPP with topological charge of one, its thickness is given by (1) where d 0 is the base thickness of the plate, λ is the emission wavelength, n is the refractive index of the plate, and ϕ denotes the azimuthal angle. The insertion of the SPP thus adds a phase delay of exp(iϕ) to the wavefront of the emission light.
The addition of the SPP affects the polarization of the field at the BFP of the objective. Based on the expressions in [9] , we calculated the field at the BFP of the objective for a fluorescent molecule whose emission dipole moment is axial, with and without the SPP, and plotted the polarization direction of the field at a time instance t=0 in Fig. 2 . The objective NA is assumed to be 1.45, and the spatial frequencies, k x and k y , have been normalized to the free-space wavenumber. In Fig. 2 (a) without the SPP, the SPCE emission displays a radial polarization pattern. This causes the field to interfere destructively on-axis when refocused onto the CCD with a low NA imaging lens (which is the objective NA divided by its magnification), resulting in the dip at the center of the PSF. The effect of the SPP on the polarization of the emission is shown in Fig. 2(b) . In effect, the SPP introduces a spiral phase that causes polarization vectors within each meridional plane to be in phase and as a 
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Author Manuscript result causes the field to interfere constructively at the focus, hence yielding a single-lobe PSF without the dip.
To understand the effect of the SPP in the frequency domain, we also analyzed the system in terms of the vectorial OTF formalism, which is used in high-aperture imaging in order to take into account depolarization effects caused by the high-NA objective [11] . The twodimensional (2D) vectorial OTF is given by the 2D Fourier Transform of the intensity PSF,
which is written as a sum of the autocorrelations of the 3D vectorial pupil functions P x , P y , and P z whose expressions can be obtained in closed forms. The normalized spatial frequency is denoted by l. Figure 3(a) shows the calculated vectorial OTFs. The OTFs are rotationally symmetric and show similar frequency responses for l < 1. However, without the SPP, the OTF of SPCEM becomes negative for some spatial frequencies l > 1. This implies that for these frequencies, there is a phase change of π, which results in a reversal of contrast for those high spatial frequencies [11] . The donut PSF structure of SPCEM and the dip in its center can be attributed to the contrast reversal present for l > 1, where the OTF turns negative. In comparison, the OTF for the imaging system with the SPP remains positive within the whole support of the spatial frequencies and does not have the negative contrast that was evident in the first case.
Since alignment errors will likely be present in any experimental setup, we further investigated the effects misalignment of the SPP has on the PSF. As the system is rotationally invariant, we considered only translational misalignment of the SPP with respect to the back aperture of the objective. We defined two metrics-I 0 , which measures the ratio of intensity at the origin to the peak PSF intensity as well as FWHM (normalized by the FWHM of a perfectly aligned SPP), and plotted them as a function of misalignment Δw (normalized by the back aperture radius) [see Fig. 3(b) ]. In general, translational misalignment breaks the cylindrical symmetry of the PSF, and therefore the worst case FWHM is plotted. Nevertheless, the graph shows relatively good robustness to misalignment up to a value of Δw=0.5, with only a corresponding increase in FWHM of ~12% and a decrease of ~15% in I 0 . We also plotted the same metrics for the case where the target wavelength of the SPP deviates from the designed wavelength. This can happen, for example, during fabrication due to errors inherent in the fabrication process. Figure 3(b) show that the I 0 and FWHM metrics for wavelength mismatch Δλ/λ of ±10% are relatively flat, which indicates strong robustness to errors in the designed SPP wavelength.
In our experimental setup, an inverted TIRF microscope (IX71, Olympus) was used with a high-NA objective (Plan Apo 60X NA1.45) and a 532 nm cw laser source. A transmission SPP with a designed wavelength of 560 nm was inserted in the detection path before the imaging lens. The SPP consists of a vortex microstructure patterned on a poly(methyl methacrylate) layer that was spin-coated on a glass substrate (RPC Photonics). It has transmission efficiency greater than 80% and a wavelength design error less than 10%.
Fluorescent beads (F8792, Molecular Probes) with a nominal diameter of 40 nm was placed on a Au-SiOx (40 and 5 nm, respectively) coated cover slip and imaged with a CCD (Retiga EXi, QImaging). SPCEM PSFs with and without the SPP are shown in Fig. 4 . In general, the experimental results show good agreement with the theoretical predictions. The morphologies of the experimental PSFs look similar to the theoretical PSFs. Furthermore, the simulations show a decrease in the FWHM from 437 nm to 193 nm, while the experiments show a corresponding decrease from 456 nm to 217 nm, translating into a 2.1 times improvement in resolution. The difference between theoretical and experimental FWHMs is attributed to the fluorescent beads being finite in size.
In conclusion, in any imaging system, it is important to ensure that the imaging PSF has a proper form. To our knowledge, this is the first demonstration of optical conversion of the donut PSF into one that is single lobe with the use of a spiral phase plate. The resolution is shown to improve by a factor of 2 as a result. In general, the SPP is also robust to misalignment as well as wavelength mismatch. It is envisaged that this technique will be beneficial to the application of SPCE imaging without requiring the use of imprecise numerical restoration techniques. This technique may also be used to improve detection efficiency in confocal reflection and fluorescence microscopy, which makes use of radially polarized illumination [12, 13] . Opt Lett. Author manuscript; available in PMC 2018 January 20.
